A proposed mathematical model is presented for predicting the residual stresses cause by turning. Effects of change in tool free length, cutting speed, feed rate, and the tensil strength of workpiece material on the maximum residual stress are investigated. Th residual stress distribution in the surface region due to turning under unlubricate condition is determined using a deflection-etching technique. To reduce the number c experiments required and build the mathematical model for these variables, Respons Surface Methodology (RSM) is used. In addition, variance analysis and an experiment check are conducted to determine the prominent parameters and the adequacy of th model.
The main objective of the present investigation is the properties of the residual stresses caused by oblique turning for different materials at different cutting conditions. In order to predict and improve the residual stresses of the machined surface, the main purpose of the present investigation is to determine, by the method of stress relief, the effects of change in cutting speed, feed rate, tool free length and tensile strength of work material on the residual stress and to build a proposed model for predicting the maximum residual stresses and choosing suitable cutting parameters for different materials.
2-EXPERIMENTAL DETAILS
In this investigation five different materials were used as the work materials. These materials and their chemical composition are listed in Table 1 . These materials were selected because of their wide application as engineering structural materials in industry and their susceptibility to degradation when machined through surface and subsurface damage.
The work materials were first machined into ring-shaped workpieces having the dimensions shown in Fig.1 . It is believed that residual stresses are induced in the surface region of the workpieces because of the machining involved in preparation, hence it was necessary to remove these stresses by annealing the worpieces. The stainless steel, steel-50, 7001-Al, 2024-Al, and brass workpieces were heated to 800, 595, 340, 340, and 260 C0 for 3, 6, 2, 2, and 1 hours, respectively. The workpiece was clamped to a specially-made mandrel as shown in Fig. 1 . Turning experiments were conducted on a center lathe model DIZ 450x 1600, WMW, Germany. The tests were conducted over a wide range of turning conditions under unlubricated cutting conditions. In order to study the effect of cutting condition on the residual stress distribution thoroughly, only three turning cutting parameters were chosen; namely, cutting speed, feed rate, and tool free length. The cutting speed is known to have a significant influence on cutting temperature, strain rate, frictional processes, and surface region damage which, in turn, affect residual stress and then fatigue life_ The second parameter used in this work was the feed rate because of its great effect on the chip formation, tool force components, and surface region damage which, in turn, affect residual stress. The tool free length was the third parameters because of its responsibility for of tool chatter during machining. This chatter has a great influence on the surface and subsurface characteristics The fourth parameter used in this investigation to study the relationship between work material and the above three turning parameters on the residual stress distribution was the change in the workpiece tensile strength. Other parameters, such as, tool rake angle, clearance angle and depth of cut were held constant throughout the investigation. The cutting conditions used in this work are summarized in Table 2 . In this work, the residual stress distribution in the surface region was determined using a laser optic deflection-etching which has been described elsewhere in the technical literature (8] . The electrolytic-deflection technique was used in the preference to the others because it gives the residual stress a continuous function of the depth beneath the machined surface and as an average over the entire specimen surface at any given circumferential section, which is thought to be more indicative of the true state of the machined workpiece than the stress at a single point on the machined surface Xray diffraction measuring system is highly accurate) [8] .
3-PRESENTATION OF RESULTS
The effect of the various parameters-including the cutting conditions and the tensile strength of workpiece materials--on the residual stresses is seen readily, and a model has been derived by RSM with the rotatable design. A considerable amount of data has been generated. The first eight experiments according to the experimental design matrix (Fig. 2) shows that the residual stress at the machined surface is low (tensile) and increases rapidly to a maximum (tensile ) value with an increase in depth beneath the machined surface. The tensite residual stresses then decrease gradually with a further increase in depth beneath the machined surface. Complete analysis of the data showed that the residual stresses continued to decrease across the section becoming either tensile or compressive at large depths.
The maximum residual stresses always occur beneath the machined surface rather than on the nearest layer to the machined surface; thus, making the part with this type of residual stress susceptible to sub-surface cracks and/or microcraks.
It is now necessary to study the influence of the turning process parameters, used in this work, on the residual stress using a more adequate technique. The conditions of each machining test and its result of the maximum residual stress are presented in Table 3 .
Cutting response (maximum residual stress) was developed in terms of the parameters used in the current work (cutting speed, feed rate, tool free length, and tensile strength of work material) using Response Surface Methodology (RSM) that was found to be a suitable technique for this work. In order to determine the independent, interactive and higher-order effects of the different variables on the residual stresses, a general form of polynomials that can be adopted to represent the response surface function is the second-order polynomial [14] :
Response a msx = b0
Where:
Proceedings of the r ASAT Conference, 8-10 May 2001 Paper PT-04 318
Xi is the independent variables b0, bi, bii, bij are model coefficients
The values of these coefficients were obtained using a computer program. The less significant coefficients were eliminated from the analysis using the well known Student's t-test. Also, to check the adequacy of the proposed model, an analysis of variance was carried out using the F-ratio test.
Using the results presented in Table 3 , the response surface for thiimaximum residual stress (amax) as a function of the four parameters used in this work is deduced as the following final equation :
The results of the student's t-test (Table 4) show that the cutting speed, the feed rate, the tensile strength of workpiece materials influence the residual stresses significantly. The final model is tasted by variance analysis (F-test) [15] , as shown in Table 5 . Experimental verifications also being performed, the results are shown in Fig. 3 . In this model that obtained by the RSM method, the relationship between the residual stresses and significant variations are shown in Figs. 4-9 . Figures 4-6 show the effect of tool free length on the maximum residual stress in the surface region of components machined at various cutting speeds, feed rates, and tensile strength of work materials, respectively. It can be seen from Figs. 4 and 5 that, the residual stress in the machined surfaces are tensile for all the conditions shown in these figures. Also, it can generally be seen that an increase in the tool free length causes a decrease in the residual stress to a minimum value at tool free length of about 30mm. With a further increase in the tool free length, the residual stresses in the machined surface region increase again. Figure 6 presents the variation of the maximum, near surface, residual stress with tool free length at different tensile strength of work material, showing an interaction between these two parameters. It can be seen that at low tensile strength of the work material, an increase in the tool free length causes an increase in the maximum residual stress. However, at high tensile strength of the work material, the maximum residual stress decreases gradually with an increase in the tool free length. Also, it can be realized that at low tool free length a decrease in tensile strength of work material causes a considerable reduction in the maximum residual stress so that a transition from tensile to compressive stresses occurs. Figures 7 and 8 show the effect of the cutting speed on the maximum residual stress of machined surface at different feed rate and tensile strength of the work material, respectively. The residual stresses in the machined surfaces are tensile for all the conditions shown in these two figures. Also, it can be seen from figure 7 that the general trend is that an increase in the cutting speed causes a dramatic decrease in the maximum residual stress to a minimum value at a cutting speed of about 56 m/min. The stress then increases gradually with a further increase in the cutting speed. The general trend of Fig. 8 is similar to that of Fig. 7 . Also, it can be seen that for a given cutting speed, an increase in the tensile strength of work material causes an increase in the residual stress in the subsurface region.
The variation of residual stress with the tensile strength of work material at various feed rates is shown in Fig. 9 . It can be seen that the maximum residual stress increases with
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an increase in tensile strength of work material. It can also be seen for a given tensile strength of work material that the increase in feed rate from 0.025 to 0.10 mm/rev causes a decrease in the maximum residual stress whereas the increase in the feed rate from 0.10 to 0.40mm/rev causes an increase in the maximum residual stress.
In general, the results show that an increase in tool free length, cutting speed and feed rate causes a decrease in the maximum residual stress to a minimum and then the maximum residual stress increases with a further increase in tool free length, cutting speed and feed rate. The residual stress generated in the machined surface region generally increases with an increase in the tensile strength of work material.
4-DISCUSSION OF RESULTS
It is not possible to advance a detailed rationale that can account quantitatively for the experimental results. However, a number of tentative suggestions will be made that may account, in part, for the trends observed.
It is evident [3, 8] that the residual stresses in the surface region of machined workpieces are generated principally by two factors: namely, plastic deformation and material volume change associated with thermal gradients and metallurgical alterations in structure. The problem is complicated further because often these factors may act synergistically.
It is also well known that chip formation takes place by a process of shear in a zone known as "primary deformation zone" that extends from the tool cutting edge to the junction between the chip and the workpiece. If the mode of deformation (flow) of material in the zone is such that it extends below the nose of the cuffing tool then it can lead to a deformed surface region. Additional deformation may occur from adhesion or sticking and develops between the tool flank and freshly machined workpiece surface. Heat generated by this plastic deformation in conjunction with heat generated in the primary and secondary deformation zones, can produce a significant increase in temperature in the surface region that can lead to volume change associated with thermal expansion and alteration in structure.
The mode of deformation in the primary deformation zone and the type of chip produced depend on the existing conditions of strain, strain rate and temperature that are themselves determined largely by cutting speed and tool geometry. Adhesion at the tool flank-workpiece interface depends primarily on the energy of adhesion that is, in turn, a function of the mechanical and physical properties of the metallic pair. The important physical quantities that may determine the final residual stress distribution appear to be the strain and temperature distribution generated in the surface region during machining. It is suggested [7, 8] that when machining, protrusion of the primary deformation zone below the nose of the tool produces a ploughing action that leads to surface region deformation and the generation of a work hardening and decrease with an increase in depth beneath the machined surface, eventually becoming vanishingly small. After passing of the cutting tool the loads will relax and residual stresses will be produced. It may be expected that the residual stresses at the surface will be high and decrease with an increase in depth beneath the machined surface. It is believed, however, that discontinuous chips lead to severe surface damage and plastic deformation that, in turn, causes the maximum residual stress to be high tensile. Increasing the above cutting condition; cutting speed from 14 to 56 m/min, feed rate from 0.025 to 0.10 mm/rev and tool free length from 10 to 30 mm results in the continuous formation of chip which lead to considerable reduction in the resultant tool force and then in the surface damage and deformation. This, in turn, leads to a considerable reduction in the tensile residual stress that is developed beneath the machined surface.
The results of this investigation show that the maximum residual stress increases with a further increase in the tool free length, cutting speed and feed rate. These results are anticipated because of increasing the tool free length leads to an increase in surface damage and deformation that may be caused by tool chatter (vibration). Also, a further increase in either cutting speed and/or feed rate leads to an increase in the maximum residual stress. These results are also anticipated because an increase in either cutting speed, from 56 to 226m/min, or feed rate from 0.10 to 0.40 mm/rev leads to an increase in the resultant cutting force and a general increase in the depth of the deformed layer. This, in turn, causes an increase in the residual stress in the machined surface region_ One of the most important characteristics associated with residual stress in component machined from high strength materials is the increase in the residual stress with increasing tensile strength.
5-CONCLUSION
A mathematical model is proposed for predicting the residual stresses caused by turning. Also, finding the optimum cutting conditions and how to control the residual stresses through this proposed mathematical model are very important for industry. According to this work, some conclusions may be summarized as follows:
1-A good correlation between the experimental and predicted results derived from the proposed model is exhibited in this work. Thus, using the proposed procedure, the optimum cutting conditions could be obtained to control the residual stress of other materials.
2-It is shown that the tensile stress of the workpiece material, cutting speed, and feed rate have significant effect on the residual stresses and there is an interaction between the tool free length and the tensile stress of the workpiece material.
3-Tensile residual stresses are generated in the machined surface region of different work materials turned under dry conditions. The residual stress is maximum near the machined surface and decreases in magnitude gradually with an increase in the depth beneath the surface.
4-The magnitude of the maximum residual stress generally decreases with an increase in tool free length, an increase in cutting speed and an increase in feed rate reaches to a minimum and then increases with a further increase in these parameters. The magnitude of the maximum residual stress generally increases with an increase in the tensile strength of work material. Tensile strength of workpiece (MPa) Fig. 9 Effect of tensile strength of workpiece materials on the maximum residual stress for various feed rates (mm/rev)
